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ABSTRACT

Fast and accurate parameterizations have been developed for the transmission functions of the CO; 9.4- and
10.4-um bands, as well as the CFC-11, CFC-12, and CFC-22 bands located in the 8—12-um region. The param-
eterizations are based on line-by-line calculations of transmission functions for the CO, bands and on high
spectral resolution laboratory measurements of the absorption coefficients for the CFC bands. Also developed
are the parameterizations for the H,O transmission functions for the corresponding spectral bands. Compared
to the high-resolution calculations, fluxes at the tropopause computed with the parameterizations are accurate
to within 10% when overlapping of gas absorptions within a band is taken into account. For individual gas
absorption, the accuracy is of order 0%~-2%.

The climatic effects of these trace gases have been studied using a zonally averaged multilayer energy balance
model, which includes seasonal cycles and a simplified deep ocean. With the trace gas abundances taken to
follow the Intergovernmental Panel on Climate Change Low Emissions “B” scenario, the transient response of
the surface temperature is simulated for the period 1900-2060. The minor CO, and CFC bands contribute
about 20%-25% of the total warming at the surface, which is comparable to the contribution from the CH, and
N,O bands. Collectively, these minor absorption bands account for 40%-45% of the total surface temperature
increases. Thus, the climate warming due to absorption in these bands is comparable to that in the 15-um

C02 band.

1. Introduction

As concern grows over the potential radiative effects
of the various infrared active trace gases currently being
dispersed into the atmosphere by anthropogenic activ-
ities, it becomes increasingly evident that, to be reliable,
climate models must properly take into account the
radiative effects of these trace gases. The inclusion of
additional absorption bands in a radiative transfer pro-
cedure, however, results in an increased demand upon
available computer time. Even without considering the
radiative effects of the minor trace gases (gases other
than CO,, H,0, and Oj3), calculations involving the
radiative terms in general circulation models (GCMs)
can easily consume 30% or more of the total computing
time. Thus, taking into account the radiatively impor-
tant trace gases can lead to substantial computing time
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requirements. As an alternative, Wang et al. (1991a)
explored the possibility of employing an effective CO,
concentration to simulate the combined radiative ef-
fects of CO; and the other trace gases. They discovered,
however, that it is inappropriate to employ an effective
CO, abundance to simulate the combined radiative
effects of CO, and the other trace gases, which in their
case included CH4, N,O, CFC-11, and CFC-12. Wang
et al. (1991a) based their conclusion on model results
that indicated that the radiative forcing behavior of
CO, was significantly different from the radiative forc-
ing behaviors of the other trace gases. Thus, efficient
yet accurate parameterizations are required for each of
the trace gases to be investigated.

Chou et al. (1991) have developed fast and accurate
parameterizations for the absorptances due to the ther-
mal infrared bands of H,O, the 15-um band of CO,,
the 9.6-um band of O;, the 7.7-um band of CH,, and
several infrared bands of N,O. While the comprehen-
sive study of Chou et al. (1991) considered the most
prominent infrared spectral features due to gaseous ab-
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sorption in the earth’s atmosphere, there are a number
of other radiatively active trace gases that have been
identified (e.g., Ramanathan et al. 1985) as having the
potential to alter the climate. We shall focus our at-
tention on some of these other absorption bands.

In this study we develop temperature- and pressure-
dependent broadband parameterizations for the 9.4-
and 10.4-um bands of CO,. We also develop temper-
ature-dependent broadband parameterizations for the
infrared spectra of CFC-11, CFC-12, and CFC-22. The
spectral ranges of the absorption bands under consid-
eration are presented in Table 1. In order to account
for the spectral overlap of the trace gas absorption fea-
tures with those of H,O, parameterizations for H,O
are constructed for the appropriate spectral intervals.
The absorption parameterizations are based on line-
by-line calculations for H,O and the minor CO, bands,
and on laboratory measurements for the CFC bands.
Incorporating the new parameterizations into the mul-
tilayer energy balance model (MLEBM) of Peng et al.
(1987) allows for an investigation of both the equilib-
rium and time-dependent climatic responses to changes
in the abundances of the trace gases under considera-
tion.

2. The 9.4- and 10.4-um CO, bands

The relatively weak 9.4- and 10.4-um bands of CO,
are nonnegligible contributors to the radiative forcing

attributed to the enhanced abundances of CO, (Kratz.

etal. 1991). For instance, for a doubling of the present
abundance of CO,, these minor CO, bands will not
only contribute about 10% of the infrared radiative
forcing at the tropopause, but will also, as compared
to the case where only the 15-um band is considered,
enhance by nearly a factor of 3 the resultant cooling
in the first few kilometers of the troposphere (Kratz et
al. 1991). Moreover, Owen et al. (1979) have shown
that for suspected CO, abundances present in the
earth’s early atmosphere, the 9.4- and 10.4-um bands
of CO, would effectively close the infrared atmospheric
window. Kiehl and Dickinson (1987) further dem-
onstrated that these minor CO, bands are critical in
maintaining paleoclimatic temperatures above 273 K,

TABLE 1. Spectral ranges of the trace gases under consideration.
The quantity, wo, is the band center wavenumber.

Wavenumber
Band range
number Band wp (cm™") (cm™)
1 CO; (9.4 um) 1064 981-1114
2 CO; (10.4 pm) 961 863-1007
3 CFC-11 (9.2 um) 1085 1030-1130
4 CFC-11 (11.8 um) 846 820-870
5 CFC-12 (8.6/9.1 um) 1131 1030-1200
6 CFC-12 (10.8 pm) 923 830-950
7 CFC-22 (9.0 um) 1116 1070-1190
8 CFC-22 (12.4 pm) 809 760-860
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and thus are critical in resolving the issue of the faint
early sun paradox (Sagan and Mullen 1972). It is
therefore necessary to accurately determine the radia-
tive effects of these minor CO, bands in models that
examine climatic effects of enhancing the abundances
of infrared active molecules.

Currently, the mostaccurateapproach forcalculating
molecular line absorption is the line-by-line procedure.
For the 9.4- and 10.4-um bands of CO,, our line-by-
line procedure utilizes the 1986 version of the Air Force
Geophysics Laboratory (AFGL) absorption line pa-
rameters (Rothman et al. 1987). As noted in Table 1,
the 9.4-um band is taken to cover the wavenumber
range from 981 to 1114 cm™', while the 10.4-ym band
is taken to cover the wavenumber range from 863 to
1007 cm™'. As suggested by Kratz et al. (1991), the
line shape factors are taken to follow the Voigt function
with a wavenumber cutoff of 5 cm™!; that is, the spec-
tral absorption coefficient includes the effects of all the
rotational lines within a 10-cm ™' range centered at the
wavenumber of the absorption coefficient. The interval
size for the wavenumber integration is taken to be
0.005 cm™!'. This wavenumber resolution, which is
approximately equal to the line halfwidth at 70 mb, is
able to resolve individual lines in the troposphere.
Moreover, Kratz et al. (1991) have demonstrated that
finer spectral resolutions yield virtually no change to
the flux calculations. Further details of the line-by-line
calculations are discussed in Kratz et al. (1991).

While the line-by-line procedure can be used to di-
rectly compute the radiative effects of infrared active
molecules, it is often desirable to create absorption pa-
rameterizations that are based upon the line-by-line
procedure. Parameterizing the absorption due to the
9.4- and 10.4-um bands of CO,, however, has proved
to be somewhat complex owing to the fact that these
upper-state bands are quite temperature sensitive. Em-
ploying our line-by-line procedure to calculate band
absorptances for the 9.4- and 10.4-um bands of CO,,
we observe that, for conditions appropriate to the pres-
ent climatic state (e.g., a CO; column abundance of
~0.5 gm cm~2 and a pressure of 1 atmosphere), the
band absorptances for both the 9.4- and 10.4-um bands
of CO, increase by nearly an order of magnitude as
the temperature is increased from 210 to 290 K. Any
parameterization that is considered must be able to
handle this extreme temperature sensitivity if accurate
absorptances are to be obtained.

The line-by-line procedure was utilized to compute
reference band absorptances for 21 CO, abundances
(ranging from 10 % to 10 gm cm™2), 5 pressures (0.10,
0.25,0.50,0.75, and 1.0 atm), and 3 temperatures (210,
250, and 290 K). An eight-point Gaussian quadrature
was incorporated into the line-by-line procedure to
calculate the diffuse absorptances. Two previous stud-
ies, Kiehl and Dickinson (1987), and Kratz et al.
(1991), employed the broadband procedure described
by Kiehl and Ramanathan ( 1983) to fit the absorption
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curve due to the minor CQO; bands. While the results
of these broadband parameterizations are satisfactory,
Chou and Peng (1983) presented a viable alternative
model that is somewhat less complex. They found for
the 15-um band of CO, that a function similar to that
used by Howard et al. (1956),

. aw
(t+bwe)’

accurately reproduced the diffuse absorptances, Ay
= 1 — exp(—7), as calculated by the line-by-line pro-
cedure. The quantity 7 is the diffuse optical depth, w
is the CO, abundance, and a, b, and ¢ are regression
coeflicients. Parameterizations employing Eq. (1) ora
closely related expression are utilized by the MLEBM
developed at the Goddard Space Flight Center (Peng
et al. 1987) for a variety of infrared absorption bands.
Before proceeding, it must be noted that in computing
the 15-um band CO, transmission functions, Chou and
Peng (1983) employed a one-parameter scaling for the
CO, abundance to account for variations in pressure
and temperature, and thus their coefficients a, b, and
¢ are independent of pressure and temperature. Unlike
the fairly strong absorption bands with moderate tem-
perature dependencies considered by Chou and Peng
(1983), the 9.4- and 10.4-um bands of CO, are fairly
weak bands with strong temperature dependencies, and
therefore, a more flexible two-parameter scaling ap-
proximation is required.

Our investigation has found that for the 9.4- and
10.4-um bands of CO;,, parameterizations in the form
of Eq. (1), in which the coeflicients a, b, and ¢ depend
upon temperature, can yield absorptances within 1%
of the results of the line-by-line calculations for the
entire range of temperatures and CO, abundances at
a specific pressure. Since a range of pressures is en-
countered in the atmosphere, however, we modified
Eq. (1) to explicitly include the pressure dependence
of the absorption. While several procedures were con-
sidered, the functional form

T

(1)

aw

T+ bwp ) (2)

.
maintained a high degree of accuracy while avoiding
unnecessary complexity. The pressure, p, in Eq. (2)
has the units of atm, and the coefficient y is given by:

€

=d+
y 1+ w

, (3)
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where d and e are regression coeflicients. It should be
noted that Eq. (2) satisfies the linear limit, and can be
made to satisfy the strong nonoverlapping line limit if
the coefficients ¢ and y are taken to be Y2. Thus, the
form of Eq. (3) allows Eq. (2) to follow the theoretical
curve of growth while maintaining sufficient flexibility
to handle departures from theory. For the present case,
we find that the optical depth, 7, is only weakly de-
pendent upon the values of the coefficients, d and e,
so long as their sum remains constant. We therefore
conclude that the values of these coeflicients are merely
fine-tuning adjustments for the parameterization. In-
deed, if a value of Y is taken for the coeflicients d and
e, only a modest discrepancy (<5%) is introduced into
the calculated value of 7.

The regression coefficients for our parameterization
of the 9.4- and 10.4-um bands of CO, are presented in
Table 2. The temperature dependencies of the regres-
sion coeflicients are given by:

a(t) = a(290) + a’(t — 290) + a”"(z — 290)*, (4)
b(t) = b(290) + b'(¢ — 290) + b"(¢t — 290)*, (5)
c(t) = ¢(290) + ¢'(¢ — 290), (6)

where ¢ is the temperature in kelvin. As noted pre-
viously, the absorptances due to the 9.4- and 10.4-um
bands of CO, are quite temperature sensitive, and
therefore the complexity of Egs. (4)~-(6) was necessary
to obtain accurate fits over the range of temperatures
under consideration. The reference temperature was
chosen to be 290 K since the contribution of these
absorption bands to the opacity of the atmosphere is
principally found within the first few kilometers from
the surface.

While the present parameterizations were fit to a
range of CO, abundances ranging from 10~* to 10
gm cm™2, comparisons with reference line-by-line cal-
culations revealed that the present parameterizations
were able to yield absorptances within 5% for CO,
abundances as high as 10° gm cm 2. Nevertheless, at-
tempts to specifically include this enlarged range of
CO, abundances resulted in unacceptable degradations
to the fit for current CO, abundances. Since our study
is principally concerned with conditions near those
currently present, the smaller range was chosen.

The parameterization presented in Eq. (2) yields
very good results when the calculation involves a ho-
mogeneous layer with constant temperature and pres-
sure; however, for an inhomogeneous medium such as
the earth’s atmosphere, the parameterization requires

TABLE 2. Parameters for coupling CO; 9.4- and 10.4-um band absorptances. The units for the corresponding abundances, w, are gm cm ™.

Band a (290) a’ a’ b (290) b b” ¢ (290) ¢’ d e
CO, (9.4 pum)  0.18822  3.864 X 107° 2.15X 107° 0.6340 9.34 X 10~ 3.64 X 10 0.730 0.0 042 0.70
CO,(10.4 ym) 0.11878 2.5733 X 1072 1.497 X 10™5 0.4914 7.88 X 1073 334X 10° 0.690 —7.5%x 107 0.50 0.60
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the inhomogeneous path to be scaled to an equivalent
homogeneous path. As noted previously, while the CO,
absorption bands in the 9.4- and 10.4-um regions are
relatively weak, their temperature dependencies are
very strong. Thus, to account for an inhomogeneous
atmosphere, a two-parameter scaling approximation is
required to account for the effects of temperature and
pressure variations. Chou et al. (1991) noted that the
effective pressure and temperature are usually com-
puted by weighting them by the absorber amount w
along the path and thus can be given by:

ra= [ vav([a) .
zej,=fzdw(f dw)—l.

It has been established that the contribution to the
cooling rate is primarily from adjacent layers, especially
within optically thick bands (see, e.g., Wu 1980; Chou
and Kouvaris 1991). Since the temperature and pres-
sure variations among nearby layers are usually small,
the simple scaling approximation of Egs. (7) and (8)
generally yields accurate cooling rate calculations. Only
for distant layers, where the contribution to the flux
and cooling rate calculations is typically small, does
this scaling approximation normally prove to be in-
appropriate. Our present case, however, involves highly
temperature-sensitive absorptances which, for present
CO, abundances, are fairly near the optically thin re-
gion. This particular scenario is especially taxing on a
scaling approximation. Indeed, for the 9.4- and 10.4-
pm bands of CO,, the use of the temperature scaling
in Eq. (8) introduces sufficient error (e.g., the errors
in the top of the atmosphere fluxes were in excess of
10% for CO, mixing ratios of 300 and 600 ppmv) to
warrant an alternative formulation.

Since the radiative effects of the temperature-sensi-
tive 9.4- and 10.4-um bands of CO, are greatest within
the first few kilometers of the surface, it is anticipated
that a scaling approximation that gives even greater
weight to the lower portion of the atmosphere than
that provided by Eq. (8) might yield improved results.
A reasonable modification to Eq. (8) is to weight the
temperature with a pressure-dependent function. We
found that by employing the scaling

-1
Ly = f tp'?dw (fp‘/zdw)

we could obtain fairly good agreement with the line-
by-line results.

In order to facilitate a comparison of the present
broadband parameterization to the line-by-line cal-
culations, we have calculated the reductions in the net
flux change due to the absorption /emission by the 9.4-
and 10.4-pm bands of CO;. To be compatible with the
intercomparison of radiation codes used in climate

(7

(8)

(9)
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models (ICRCCM) (Ellingson et al. 1991), we em-
ployed the updated version of the midlatitude summer
atmosphere of McClatchey et al. (1972) as reported by
Ellingson et al. (1991). The net flux reductions at the
top of the atmosphere (50 km) and the tropopause (13
km), and the net flux enhancement at the surface are
presented in Table 3 for a CO, mixing Fatio of 300
ppmv, a value consistent with ICRCCM (Ellingson et
al. 1991), two times this abundance, and a hundred
times this abundance. Note that CO, is the only ab-
sorber considered for these calculations. Overlapping
absorptances by other gases are neglected. Table 3 in-
cludes not only a comparison between our line-by-line
procedure and our broadband parameterization but
also the Goody random-band model (with a spectral
resolution of 5 cm™!) employed by Kratz etal. (1991).
As can be observed, the present broadband parame-
terization is comparable in accuracy to the Goody ran-
dom-band model. Indeed, for large CO, abundances,
our new parameterization reproduces the results of the
line-by-line procedure more accurately than the ran-
dom-band model. In general, the accuracy of the pres-
ent parameterization is comparable to the broadband
model presented by Kratz et al. (1991) except for very
large CO, abundances (~ 100-1000 times the present
abundance ) where the present parameterization retains
far better accuracy than the Kratz et al. (1991 ) param-
eterization. This improved accuracy at high CO, abun-
dances is one of the advantages of the present param-
eterization. Nevertheless, a close examination of Table

TABLE 3. Model calculations of the reduction in the net upward
flux (W m™2) at the top of the atmosphere and at the tropopause,
and the increase in the downward flux at the surface due to CO,
absorption in the 9.4- and 10.4-um bands for CO, mixing ratios of
300 ppmv, two times this abundance, and one hundred times this
abundance. Overlapping with water vapor absorption is not consid-
ered.

Band Case Top Tropopause Surface

CO; (9.4 um) 1 0.355 0.334 0.881
(300 ppmv] 2 0.358 0.334 0.854

3 0.356 0.341 0.823

CO; (9.4 um) 1 0.617 0.589 1.531
[600 ppmv] 2 0.623 0.588 1.474

3 0.621 0.601 1.437

CO; (9.4 um) 1 5.940 6.000 12.870
[30 000 ppmyv] 2 5.554 5.623 11.454

3 5.881 6.199 11.769

CO, (10.4 pm) 1 0.278 0.263 0.790
[300 ppmyv] 2 0.275 0.259 0.751

3 0.280 0.269 0.729

CO, (10.4 um) 1 0.498 0.476 1.409
[600 ppmv] 2 0.489 0.465 1.323

3 0.502 0.487 1.305

CO, (10.4 pm) 1 5.790 5.863 14.758
[30 000 ppmv] 2 5.358 5.426 12.870

3 5.632 6.070 13.396

Case 1 = line-by-line calculation
Case 2 = Goody random-band model
Case 3 = present parameterization
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3 will reveal that discrepancies remain between the
present parameterization and the reference line-by-line
calculations. The source of this difference lies almost
entirely in the inability of the scaling approximation
to fully cope with such highly temperature-sensitive
absorptances as found with these minor CO, bands.

3. CFC-11, CFC-12, and CFC-22

Ramanathan (1975) was the first to discuss the po-
tential radiative impact of the release into the atmo-
sphere of order 1 ppbv of CFC-11 and CFC-12. Since
the appearance of Ramanathan’s report, numerous in-
vestigations, for example, Wang et al. (1976), Lacis et
al. (1981), Wang and Molnar ( 1985 ), Ramanathan et
al. (1985), Dickinson and Circerone (1986), Hansen
et al. (1988), Hansen et al. (1989), and Wang et al.
(1991b) have considered the radiative effects of the
chlorofluorocarbons (CFCs). As noted by Kratz and
Varanasi (1992), with few exceptions (e.g., Ramana-
than et al. 1985; Wang et al. 1991b) a common
practice has been to assume that the spectral absorption
by the CFCs is adequately parameterized by a broad-
band formulation based upon the optically thin ap-
proximation. In addition, it has been a common pro-
cedure to ignore the temperature dependence of the
CFC absorption features. Kratz and Varanasi (1992)
employed laboratory-measured absorption coefficients
of Varanasi (1992) to investigate these and other issues
involving the absorption due to CFC-11 and CFC-12.
Their investigation indicated that, by ignoring the
temperature dependence of the CFC bands and also
neglecting the departures of the CFC absorptance from
the optically thin approximation, only modest over-
estimations were introduced for the estimations of the
absorption due to projected abundances of CFC-11 and
CFC-12. While these results are very encouraging,
Kratz and Varanasi (1992) further noted that the errors
introduced by the often-used simplifications always
tend toward overestimating the radiative effect of the
CFCs, and thus when considered as a whole may no
longer yield negligible discrepancies. We will therefore
refrain from incorporating these limitations into our
parameterizations for CFC-11, CFC-12, and CFC-22.

For conditions encountered in the earth’s tropo-
sphere and stratosphere the spectral features due to
CFC-11, CFC-12, and CFC-22 are characterized by line
spacings that are significantly smaller than the line half-
widths. The rotational fine structure of the bands are
therefore smeared out and the spectral absorption coef-
ficients become slowly varying functions with wave-
number (Penner 1959). Indeed, as noted by Varanasi
(1992), with the exception of the central Q-branches,
the absorption coefficients for the CFCs remain essen-
tially constant over spectral intervals of order 0.1 cm™!.
Moreover, Varanasi ( 1992) reports that when spectral
resolutions between 0.4 and 1.0 cm™! are employed
outside of the central Q-branches hardly any discernible
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differences are observed for the spectral transmittances.
As Kratz and Varanasi (1992) noted, the error intro-
duced by employing a resolution of ~0.5 cm™' near
the center of the Q-branches can be significant. Nev-
ertheless, they also noted that since the distortion is
limited to a very narrow wavenumber range, this effect
goes all but unnoticed in applications of the data to
climate models. Thus, as Kratz and Varanasi (1992)
concluded, a wavenumber resolution of 0.5 cm™ is
appropriate for atmospheric modeling.

Since the CFC absorption coefficients are in the
smeared-out line structure limit, the use of a line-by-
line procedure is not warranted. Instead, it is more
appropriate to employ the measured absorption coef-
ficients to determine the spectral absorptance coeffi-
cients over each wavenumber interval. For further de-
tails of the monochromatic CFC calculations the reader
is directed to Kratz and Varanasi (1992).

The reference absorptance calculations were com-
puted for 24 abundances each of CFC-11, CFC-12, and
CFC-22 (ranging from 107® to 3 X 107* gm cm™2),
and three temperatures (210, 250, and 290 K). For
the earth’s atmosphere a constant CFC mixing ratio of
1 ppbv corresponds to a CFC-11 abundance of 4.9
X 107 gm ¢cm™2, a CFC-12 abundance of 4.3 X 107¢
gm cm™2, and a CFC-22 abundance of 3.1 X 107°
gm cm™2. Since the CFC absorptances are in the
smeared-out line structure limit for atmospheric con-
ditions, the pressure dependence of the CFC absorption
coeflicients are negligible. As before, an eight-point
Gaussian quadrature was incorporated into the mono-
chromatic procedure to calculate the diffuse absorp-
tances.

As noted earlier, parameterizations employing Eq.
(1) or similar expressions are utilized by the MLEBM
developed at Goddard (Peng et al. 1987) for a variety
of infrared absorption bands. It is therefore reasonable
to begin with such an equation when attempting to
parameterize the absorptances due to the CFCs. Nev-
ertheless, we found that parameterizations employing
Eq. (1) met with limited success. The reason is rather
straightforward. Gases such as H,O, CO,, and O; pos-
sess a curve of growth that for typical atmospheric con-
ditions spans the range from the weak line region (lin-
ear limit) through the strong nonoverlapping line re-
gion (square root limit ), to the strong overlapping line
region. As has been noted previously, Eq. (1) satisfies
the requirements for the first two regions, and in a
manner similar to the random-band models relies on
the exponentiation of the optical depth to handle the
last region [see chapter 4 of Goody and Yung (1989)
for a discussion of the properties of band models].
Thus, Eq. (1) can adequately describe such a curve of
growth. The curve of growth for the CFCs, however,
has no strong nonoverlapping line region, for long be-
fore the absorption lines begin to saturate they are
overlapping their neighbors. Hence, the use of Eq. (1)
is inappropriate when considering the CFCs.
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As an alternative, let us consider for the moment
that Eq. (1) is an approximation that contains only
the first term in a series; then we can utilize the other
terms in the series to construct a better fit to the ref-
erence calculations. A viable series that has several
beneficial attributes is given by the expansion of the
logarithmic function:

2 x3 x4

X

In(l +x)=x 3 + 3 2 + .
where for the present case x = w(1 + bw¢)"'. An ex-
amination of Eq. (10) reveals that Eq. (1) employs
only the first term in this series. If the entire series is
utilized, however, then we have an alternative param-
eterization that is somewhat reminiscent of Eq. (8)
from Ramanathan (1976):

(10)

r=aln(1 (11)

+ w

(1+ bw”)) '
This parameterization is easy to implement, efficient,
related to Eq. (1) rather than being of a completely
different nature, and allows for a direct transition from
the weak-line region to a strong overlapping line region.
Furthermore, unlike Eq. (1), this expression adequately
describes the curve of growth of the absorptances due
to the CFCs without introducing unwarranted com-
plexity. Indeed, our investigation has found that pa-
rameterizations utilizing Eq. (11) can vyield absorp-
tances within 1% of the results of the monochromatic
calculations for CFC-11, CFC-12, and CFC-22 for the
entire range of temperatures and CFC abundances
taken into consideration.

The regression coefficients in our parameterization
for the infrared absorption bands of CFC-11, CFC-12,
and CFC-22 are presented in Table 4. The temperature
dependencies of the regression coefficients are given
by:

a(t) = a(290) + a’(t — 290), (12)
b(2) = b(290) + b'(x — 290), (13)
where ¢ is the temperature in kelvin. When compared
to the 9.4- and 10.4-um bands of CO,, the temperature

sensitivity of the CFC bands is quite mild; hence, the
equations for the temperature dependence of the CFC

TABLE 4. Parameters for computing CFC-11, CFC-12, and CFC-
22 band absorptances. The units for the corresponding abundances,
w, are gm cm 2,

Band a (290) a b (290) b c
CFC-11 (9.2 um) 2321.0 25875 6380 -3.900 0.82
CFC-11 (11.8 um) 11 768.0 13.4750 20850 —6.300 0.82
CFC-12 (8.6/9.1 um)  4397.0 2.300 691.0 —-1.625 0.79
CFC-12 (10.8 um) 4788.0 1.8875 8900 -—2.050 0.79
CFC-22 (9.0 um) 7601.3  1.1240 1109.7 —0.859 0.78
CFC-22 (12.4 um) 2737.0 2.7730 386.2 —0471 0.78
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regression coefficients are far less complex than the
temperature dependence of the CO, regression coeffi-
cients. As with the minor bands of CO,, the reference
temperature was chosen to be 290 K since the contri-
bution of these absorption bands to the opacity of the
atmosphere is primarily located within the first few
kilometers.

As with the CO, calculations of the previous section,
the parameterization presented in Eq. (11) requires an
inhomogeneous path to be scaled to an equivalent ho-
mogeneous path. In contrast to our experience with
the minor CO, bands, however, our investigation has
found that for the CFCs the use of the temperature
scaling in Eq. (8) produces accurate resuits. Note that
for the CFCs, the pressure scaling in Eq. (7) is not
employed since the CFC absorptances are in the
smeared-out limit for typical atmospheric conditions
and therefore the dependence of the pressure on the
CFC absorption coeflicients is negligible.

In order to facilitate a comparison of the present
broadband parameterizations to the reference mono-
chromatic calculations we have calculated the reduc-
tions in the net upward flux at the top of the atmosphere

(50 km) and the tropopause (13 km), and the en-

hancement in the net downward flux at the surface due
to the CFC-11, CFC-12, and CFC-22 absorption bands.
As before, to be compatible with the ICRCCM (ElI-
ingson etal. 1991), we employed the midlatitude sum-
mer atmosphere of McClatchey et al. (1972), as pre-
sented in Ellingson et al. (1991 ). Based upon measured
vertical profiles of the CFCs (see, e.g., Fabian 1987),
we have taken the atmospheric mixing ratios of CFC-
11 and CFC-12 to be constant from the surface to 15
km. Above 15 km, we have assigned scale heights of 3
and 5 km to the CFC-11 and CFC-12 mixing ratios,
respectively. For CFC-22, we have taken the atmo-
spheric mixing ratio to be constant from the surface
to 8 km. Above 8 km, we have assigned a scale height
of 18 km to the CFC-22 mixing ratio. For each of the
CFCs, we have taken the mixing ratio at the surface to
be | ppbv. The results of our calculations for the 9.2-
and 11.8-um bands of CFC-11, for the 8.6-/9.1- and
10.8-um bands of CFC-12, and for the 9.0- and 12.4-
pm bands of CFC-22 are presented in Table 5. Note
that the CFCs are the only absorbers considered for
these calculations. Two sets of comparisons are shown
in Table 5. In the first set the CFC absorption coefhi-
cients are assumed to be the same in the atmosphere
as those measured at room temperature (300 K), while
in the second set the CFC absorption coefficients are
assumed to follow the temperature dependence that
was observed in the laboratory (e.g., see Varanasi
1992). As can be observed from Table 5, our param-
eterizations for the CFCs can reproduce the results of
the monochromatic calculations to a very high degree
of accuracy. As can also be seen, the temperature de-
pendence leads to only a small modification (~0%-—
8%) in the flux calculations. Since the temperature de-
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TaBLE 5. Model calculations of the reduction in the net upward
flux (W m™?) at the top of the atmosphere and at the tropopause,
and the increase in the downward flux at the surface due to the
presence of CFC-11, CFC-12, and CFC-22 with mixing ratios at the
surface of 1 ppbv, and above that as noted in the text. Overlapping
with water vapor absorption is not considered.

Band Case Top Tropopause  Surface
CFC-11 (9.2 um) 1 0.109 0.092 0.143
2 0.105 0.089 0.138
3 0.100 0.085 0.136
4 0.100 0.085 0.135
CFC-11 (11.8 um) 1 0.347 0.300 0.568
2 0.342 0.295 0.562
3 0.318 0.277 0.542
4 0.323 0.281 0.547
CFC-12 (8.6/9.1 um) 1 0.287 0.237 0.353
2 0.282 0.232 0.344
3 0.278 0.230 0.348
4 0.275 0.227 0.340
CFC-12 (10.8 um) 1 0.294 0.246 0.441
2 0.291 0.243 0.432
3 0.287 0.241 0.435
4 0.285 0.239 0.428
CFC-22 (9.0 um) 1 0.236 0.196 0.306
2 0.236 0.196 0.307
3 0.234 0.194 0.304
4 0.234 0.195 0.306
CFC-22 (12.4 um) 1 0.106 0.090 0.187
2 0.105 0.089 0.186
3 0.099 0.085 0.181
4 0.100 0.086 0.182

Case 1 = monochromatic case (no temperature dependence)

Case 2 = present parameterization (no temperature dependence)

Case 3 = monochromatic case (with temperature dependent ab-
sorption coefficients)

Case 4 = present parameterization (with scaled temperature de-
pendence)

pendence of the CFC absorptances is so mild, it is not
surprising that the scaling approximation presented in
Eq. (8) does not produce significant errors. Recall that
this result is quite different from results of the CO,
calculations.

In contrast to the model presented here, Wang et al.
(1991b) adopted the mean absorption coefficient ap-
proximation, which can be obtained from our model
by taking only the first term in Eq. (10) and assuming
that bw® < 1, thus

(w)=aln(l + w) =~ aw, (14)
for small w. Utilizing Eq. (14) to recompute the flux
reductions presented in Table 5 leads an overestimation
of 2%~5%. This close agreement indicates that the full
power of our parameterization need not be applied for
current abundances of the CFCs; however, as noted by
Kratz and Varanasi (1992) extrapolation of these re-
sults for CFC abundances above 1 ppbv can lead to
nonnegligible errors.

In order to compare the results obtained from the
present parameterization to those reported by Wang
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et al. (1991b), we made the following simplifications
to our procedure. First, we adopted the mean absorp-
tion coefficient approximation given by Eq. (14). Sec-
ond, we assumed that the CFC absorption coefficients
at a temperature of 300 K were appropriate for all tem-
peratures. Third, we assumed that the CFC mixing ratio
remained constant throughout the atmosphere. A
comparison of the model results for the change in the
surface flux are presented in Table 6 for three cases:
1) our present parameterization, 2) our present pa-
rameterization with the simplifications described in this
paragraph, and 3) the Wang et al. (1991b) model.
Note that only surface fluxes are reported in Table 6
since Wang et al. (1991b) did not present results at the
top of the atmosphere and presented only partial results
at the tropopause. An examination of Table 6 reveals
that, when the appropriate simplifications are made to
our parameterization, there is good agreement between
our results and those of Wang et al. (1991b). Note,
however, that the incorporation of these simplifications
leads to noticeable overestimations in the radiative im-
pacts of CFC-11 and CFC-12, especially for mixing
ratios greater than 1 ppbv. Thus, despite the observa-
tion that each of the incorporated simplifications leads
to only a small error, when combined the resulting
error may no longer be considered acceptable.

4. Overlap with water vapor line and continuum
absorption

The ubiquitous water vapor absorption overlaps the
absorption bands of CO, and the CFCs. It is therefore
necessary to take into account the overlapping effect
due to water vapor when assessing the radiative effects
of these gases. Chou and Arking (1980) and Chou et
al. (1991) have demonstrated that Eq. (1) in conjunc-
tion with the one-parameter scaling approximation can
be used to efficiently compute water vapor absorption
in the troposphere. Foliowing the work of Chou (1984),
the water vapor amount for line absorption is scaled
according to

= w'(p/p,)*’ expla(t — )] (15)

TABLE 6. Comparisons of the increase in the net downward flux
(W m™?) at the surface due to the presence of CFC-11, and CFC-12
for three cases: 1) the present parameterization (see Table 5), 2) the
present parameterization with the simplifications described in section
3, and 3) the model of Wang et al. (1991b). Overlapping with water
vapor absorption is not considered.

Mixing ratio

Molecule (surface) Case 1 Case 2 Case 3

CFC-11 1 ppbv 0.68 0.78 0.80
2 ppbv 1.29 1.53 1.57

CFC-12 1 ppbv 0.77 0.83 0.85
2 ppbv 1.49 1.65 1.70
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where w and w' are the scaled and unscaled water vapor
abundances, respectively, p, is the reference pressure,
1, 1s the reference temperature, and q is the empirical
coefficient for temperature scaling. The reference pres-
sure and temperature are chosen to be 500 mb and
250 K, respectively. From here, the diffuse band ab-
sorptance, Agy = 1 — exp(—7), at p, and ¢, can be
computed using a line-by-line procedure, and then fit
to the function

bw
(14 cw®)’
Similarly, by following the work of Chou (1984), the
band absorptance for the water vapor continuum ab-

sorption can be derived using the absorption curve of
Roberts et al. (1976) and then fit by

7(u) = du®?, (17)

where u is the scaled water vapor amount for contin-
uum absorption given by

u = wp,exp(1800/t — 6.08), (18)

and p, is the water vapor partial pressure (in atmo-
spheres). Values of the regression coefficients, a, b, ¢,
and d, are given in Table 7 for the spectral regions
involving the various minor trace gas absorption bands.
The total optical depth, 7(w, u), due to both line and
continuum absorption can be approximated by

(w, u) = 7(w) + 7(u).

T(w) = (16)

(19)

The validity of these parameterizations is investigated
by comparing the fluxes from the parameterization
with the fluxes from the line-by-line procedure. Table
8 shows the upward fluxes at the top of the atmosphere
and at the surface in the minor absorption bands. Cal-
culations are for the modified midlatitude summer at-
mosphere and include both the water vapor line and
continuum absorption, It can be seen from Table 8
that the simple parameterizations can accurately com-
pute the fluxes. The error is only a few percent.
Table 9 gives the reduction of net upward fluxes

TABLE 7. The parameters for computing water vapor absorption
in the spectral regions occupied by the trace gases under consideration.
The units for the corresponding water vapor abundances, » and u,
are gm cm™2 The band numbers correspond to the wavenumber
ranges defined in Table 1.

Band
number a b c d
1 0.020 0.060 1.65 7.35
2 0.020 0,045 1.30 10.22
3 0.020 0.081 1.73 7.07
4 0.026 0.30 6.57 14.68
5 0.019 0.34 4.86 6.84
6 0.024 0.13 3.35 11.82
7 0.020 0.35 4.30 6.60
8 0.020 0.42 4.70 17.30
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TABLE 8. Model calculations for the reduction in the net upward
flux {W m™) at the top of the atmosphere and the increase in the
downward flux at the surface due to water vapor absorption (line
and e-type continuum). The band numbers correspond to the wave-
number ranges defined in Table 1. Overlapping with trace gas ab-
sorption is not considered.

Band

number Case F (top) F (sfc)
1 1 1.48 11.12

2 1.40 10.95

2 1 2.07 17.73

2 2.03 17.91

3 1 1.05 7.73

2 1.01 7.59

4 1 1.06 9.32

2 1.04 9.31

5 1 2.20 13.51

2 2.10 13.3t

6 1 2.02 18.16

2 2.00 17.87

7 1 1.61 9.45

2 1.70 9.69

8 1 2.85 23.03
2 2.84 23.39

Case | = line-by-line calculation
Case 2 = present parameterization

when the trace gas absorptances are overlapped by the
water vapor line and e-type continuum absorptances.
The multiplication approximation is used to compute
the total transmission function due to all absorbers in
the parameterization. For the minor CO, bands, the
parameterizations yield results within 7% of the line-
by-line calculations everywhere. For the CFCs, the pa-

TABLE 9. Model calculations for the reduction in the net upward
flux (W m~2) at the top of the atmosphere and at the tropopause,
and the increase in the downward flux at the surface due to the
presence of the minor bands of CO,, CFC-11, CFC-12, and CFC-
22 (with the previously noted mixing ratios). Overlapping with water
vapor absorption (line and e-type continuum) is considered.

Band Case Top Tropopause Surface

CO; (9.4 um) 1 0.304 0.285 0.515
2 0.318 0.304 0.550

CO, (10.4 pm) 1 0.233 0.220 0418
: 2 0.244 0.233 0.432

CFC-11 (9.2 um) 1 0.088 0.073 0.074
2 0.091 0.077 0.088

CFC-11 (11.8 um) 1 0.258 0.223 0.188
2 0.279 0.242 0.249

CFC-12 (9.1/8.6 um) 1 0.235 0.192 0.178
2 0.244 0.201 0.211

CFC-12 (10.8 um) 1 0.245 0.204 0.196
2 0.253 0.211 0.228

CFC-22 (9.0 um) 1 0.197 0.162 0.156
2 0.207 0.171 0.186

CFC-22 (12.4 um) 1 0.076 0.064 0.050
2 0.083 0.071 0.067

Case 1 = line-by-line/monochromatic calculation
Case 2 = Present parameterization
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rameterizations yield results within 10% of the mono-
chromatic calculations at the top of the atmosphere
and the tropopause. At the surface, however, the ac-
curacy of the parameterization is substantially worse;
the parameterizations overestimate the flux by 13%—
34%. If the water vapor continuum is neglected, these
results are dramatically improved: the parameteriza-
tions yield results at the surface within 5% for four of
the six CFC bands, and by 12%-13% for the remaining
two bands. Neglecting the water vapor continuum even
improves the parameterized flux calculations at the top
and tropopause.

As shown in Tables 5 and 8, separately, the param-
eterizations for water vapor and the CFCs both yield
very good comparisons to the reference calculations.
Thus, the relatively large percentage error in the re-
duction of the net surface fluxes due to the presence
of the CFCs, as shown in Table 9, is caused by the use
of multiplication approximation for computing total
transmittance. An examination of the downward fluxes
at the surface reveals that the fluxes due to water vapor
are 50 to 500 times greater than those due to the CFCs.
It follows that the surface fluxes due to both water vapor
and CFC absorption together must be very close to
that due to water vapor absorption alone. Thus, to ob-
tain the effect of the CFCs on the surface flux, we must
difference two relatively large numbers to obtain a rel-
atively small number. Thus, a small absolute error in
the total transmittance using the multiplication ap-
proximation can lead to a large percentage error in the
surface flux reduction due to the presence of the CFCs.

Recall that the change in the radiative flux at the
tropopause, and not the surface, reflects the radiative
forcing of the climate system (see, e.g., Ramanathan
et al. 1987). Thus, since both the absolute fluxes and
the differential fluxes at the tropopause as calculated
by the parameterizations and by the reference calcu-
lations are in good agreement, the discussed discrep-
ancies do not adversely affect the results of the MLEBM
climate calculations. Nevertheless, it is hoped that fu-
ture modifications will be introduced into the MLEBM
to eradicate this difficulty.

As for the reason why the minor CO, bands do not
suffer a similar fate as the CFC bands, it should be
noted that for the case of the minor CO, bands, the
downward fluxes at the surface due to water vapor are
only about 25 to 30 times that due to the minor CO,
bands. Moreover, the parameterizations for the minor
bands of CO, underestimate the flux at the surface by
6%-7%, thereby creating a compensating error. These
two effects in concert ameliorate the situation as com-
pared to the case of the CFCs.

5. Model description and results

The effects of the anthropogenic increases of CO,
and the minor trace gases are studied using the zonally
averaged multilayer energy balance model of Peng et
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al. (1987). This model has a five-layer atmosphere, a
single mixed layer in the upper ocean, and a simple
two-dimensional advective-diffusive deep ocean that
allows for a simulation of the long-term climate re-
sponse to external forcing. The model further includes
the effects of seasonal cycles. The temperature, how-
ever, is the only prognostic parameter in the model.
Transports of heat and fractional surface coverage of
snow and sea ice are parameterized as functions of
temperature. The relative humidity and clouds are
specified as functions of seasons and latitudes.

The model includes a rather detailed treatment of
radiative transfer. When computing the radiative heat-
ing/cooling for the five atmospheric layers, each layer
is divided into three sublayers for proper flux integra-
tions in the vertical, The thermal infrared fluxes are
computed using the parameterizations developed in
this study and the algorithm of Chou et al. (1991).
The algorithm of Chou et al. includes the absorption
due to H,0O, CO,, O3, CH,, and N,O. Except for cirrus,
the clouds are assumed to be black in the thermal in-
frared region. The cirrus clouds are treated as gray with
an emissivity of 0.8. The solar fluxes are computed
using the algorithms of Chou (1990, 1992) for the ab-
sorption due to H,O, O3, CO,, and O;. The cloud
reflection and absorption are computed using the delta-
four-stream discrete-ordinate algorithm of Liou et al.
(1988).

In addition to the prominent 15-um CO; band, there
are a total of 11 minor bands that are considered in
this study of the climate greenhouse effect. Three of
these bands are the N,O and CH, infrared absorption
bands that are presented in Table 3 of Chou et al.
(1991), while the others are presented in our Table 1.
The relatively narrow bands considered in the present
model are scattered within the spectral region between
560 and 1380 cm™!. Incorporation of these bands usu-
ally requires regrouping of spectral bands and new pa-
rameterizations for transmission functions. In order to
simplify the infrared flux calculations, only the change
in fluxes due to these minor gases (or bands) is cal-
culated, so that the flux calculations without these mi-
nor gases remain unchanged. According to Chou et al.
(1991), changes in the net upward flux AF 4 (p) at the
pressure level p can be expressed as

AF % (p) = B(t,)AT(p, ps)

- fo B(){S[AT(p, p')/3p' 1} dp',  (20)

where B is the band-integrated Planck flux, the sub-
script s denotes the surface, and 7(p, p') is the diffuse
transmittance between p and p’. The change in trans-
mittance is given by

AT =T(T>—-1), (21)

where T denotes the transmittance due to water vapor
absorption, CO, absorption in the 15-pm band, or O3
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absorption in the 9.6-um band, and 7, denotes the
transmittance in the minor absorption bands.

Latent and sensible heat transports in the atmo-
sphere and at the earth’s surface are parameterized as
functions of temperature. The effect of large-scale ed-
dies is included in the regions poleward of 20° latitude
and is parameterized on the basis of quasigeostrophic
theory. The effect of the mean meridional circulation
is included in the tropics but is neglected in the extra-
tropical regions. The heat convergence due to small-
scale eddies is parameterized as a diffusion process.
The release of latent heat is computed from the differ-
ence between the total moisture convergence due to
all scales of motion and the increase in atmospheric
moisture storage (with the relative humidity fixed in
the model, the atmospheric moisture storage is a func-
tion of temperature).

The deep ocean has a large heat capacity and delays
the climate response to external forcing. It is repre-
sented in the model by two polar regions of down-
welling and a vast region of upwelling between +60°
latitudes. Each of the three regions is divided into ten
layers of 400-m thickness. The heat exchange between
the deep ocean and the ocean mixed layer in the up-
welling region depends significantly on the diffusion
process. A constant diffusion coefficient of 0.65 cm? s ™!
is used in the upwelling region.

Clouds are grouped into five types: Ci, As, Cu + St,
Ns, and Cb. Seasonal cloud cover and heights for the
Northern Hemisphere are taken from London (1957).
The cloud cover for the Southern Hemisphere is as-
sumed to be 8% larger than the Northern Hemisphere.
The cloud cover is also assumed to be composed of
randomly overlapped clouds at different altitudes. In
addition, our radiative transfer procedure takes the
cloud cover as viewed from space to be representative
of the cloud cover at all altitudes. Cloud optical thick-
nesses are extracted from the aircraft measurements of
Feigelson (1978) and are specified in the model; these
values are given in Peng et al. (1982).

To gauge the potential radiative impact of the minor
CO; and CFC absorption bands, we have run the
MLEBM in its equilibrium mode. The results of these
equilibrium cases are presented in Table 10. These re-
sults reafhirm the conclusions of previous studies (e.g.,
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Ramanathan et al. 1985) that the potential radiative
effects of increases in the CFC abundances are non-
negligible in comparison to the radiative effects of in-
creases in the CO, abundance. In addition, the results
presented in Table 10 clearly support the conclusions
of Wang et al. (1991a) that the radiative-forcing be-
haviors of the trace gases are different from those of
CO,, and thus, as can be deduced from the last column
in Table 10, climatic responses can be significantly dif-
ferent for similar radiative forcings at the tropopause.
The explanation is that while the radiative forcings at
the tropopause may be similar, the vertical distribution
of the radiative heating is not. Thus, as noted by Wang
et al. (1991b), climate feedbacks in the models may
be substantially different.

The radiative forcings presented in Table 10 were
also compared to the radiative forcings given by the
expressions in Table 2.2 of the IPCC manual (1990).
The results of these two quite dissimilar flux calcula-
tions were in excellent agreement. Our model was
within 1% for CO;, N,O, CFC-11, and CFC-12, and
about 10% greater for CHj.

To gain a better understanding of the potential ra-
diative impact of the trace gases, the transient response
of the climate to projected trace gas increases has been
simulated by the MLEBM for the period from 1900
to 2060. Past trace gas atmospheric abundances were
interpolated from Table 2.5 of the IPCC manual
(1990), while future trace gas abundances were taken
to follow the IPCC low emissions “B” scenario. This
functional dependence of the trace gas concentrations
with time 1s presented in Fig. 1. It should be noted that
the selection of scenario “B” for future trace gas in-
creases was made in light of the fact that efforts to curb
the world production of the radiatively active trace
gases make the IPCC business-as-usual “A” scenario
unlikely. These same efforts, however, will have to
contend with economic pressures that will make the
more optimistic IPCC scenarios equally unlikely. 1t is
important to note that the CFC-22 abundance em-
ployed by this scenario is meant to represent the abun-
dance of the entire contingent of CFC substitutes. As
noted in section 2 of the IPCC manual (1990), the
error introduced by employing CFC-22 as a proxy for
the CFC substitutes is expected to be small, since most

TABLE 10. Calculations by the MLEBM of the radiative forcings at the tropopause, A Fy, (W m™2), and the change in the global surface
temperature, ¢, (K), due to the prescribed changes in the trace gas abundances.

Increase in
Band abundance At AFyop At/ AFyop
CO; (9.4 and 10.4 um) 345 - 690 ppmv 0.21 0.34 0.62
CFC-11 (9.2 and 11.8 um) 0 — 1 ppbv 0.17 0.22 0.77
CFC-12 (8.6/9.1 and 10.8 um) 0 — | ppbv 0.21 0.28 0.75
CFC-22 (9.0 and 12.4 um) 0 — 1 ppbv 0.12 0.17 0.71
CH, (7.7 um) 1.75 = 3.50 ppmv 0.37 0.61 0.61
N,O (7.8/8.6 and 17 um) 0.28 — 0.56 ppmv 0.59 0.89 0.66
CO; (15 um) 345 — 690 ppmv 2.40 4.00 0.60
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FI1G. 1. Temporal dependence of trace gas concentrations for the
years 1900 to 2060. Past trace gas atmospheric abundances were
interpolated from Table 2.5 of the IPCC manual (1990), while future
trace gas abundances were taken to follow the IPCC low emissions
“B” scenario. Gas concentration factors equal to one correspond to:
CO, =290 X 107%; CH, = 1.75 X 107%; N,O = 0.3 X 107%; CFC-
11, CFC-12, CFC-22 = 1.0 X 107°,

of the HCFCs and CFCs possess similar global warming
potential.

The MLEBM simulations of the transient responses
are presented in Fig. 2. From this figure, it can be seen
that the minor absorption bands collectively account
for 40%-45% of the total surface temperature increases.
It may also be observed that the increased abundance
of CH, produces the largest radiative effect among the
minor trace gases, amounting to approximately 30%
of the effect associated with the absorption due to the
15-pm band of CO,. While the climatic effects of the
CFCs are negligible before 1960, after that date the
CFC impact increases rapidly, exceeding the CH, effect
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F1G. 2. Transient response of the surface temperature as simulated
by the MLEBM for the trace gas increases presented in Fig. 1.
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by the middle of the next century. Even without the
CFC impact, however, the MLEBM shows an accel-
eration in the surface temperature increase after 1960.
Meanwhile, the climatic effects of the N,O bands and
the two minor CO, bands near 10 gm are relatively
small and comparable in magnitude. From 1900 to
2060 the model results suggest a surface temperature
increase in excess of 2.3 K, with over 1.7 K of that
appearing after 1980.

The results of the MLEBM are presented in Table
11 for the period 1960-2030 so as to facilitate a com-
parison with the results of Hansen et al. (1988). The
comparison was terminated at 2030 because the results
for the Hansen et al. (1988) scenario B, which has
similar trace gas increases as the MLEBM, did not
continue beyond that time (see their Fig. 3). The over-
all surface temperature increase from 1960 to 2030 as
calculated by the MLEBM is 1.4 K, virtually the same
as illustrated in Fig. 3b of Hansen et al. for their sce-
nario B. It must be noted, however, that the Hansen
et al. model has a much greater climatic response to
radiative forcings and their associated feedbacks than
the MLEBM. This difference should result in a smaller
climatic response by the MLEBM when compared to
the Hansen et al. (1988) model. It must also be noted,
however, that the MLEBM utilizes a significantly
smaller ocean diffusion coeflicient than the Hansen et
al. model, 0.65 cm? s~ versus 1 cm?s™!, Since the
MLEBM does not transport energy into the ocean as
quickly as the Hansen et al. model, the MLEBM will
respond faster to a radiative forcing, which compensates
for the smaller sensitivity of the MLEBM.

An additional comparison between the models re-
veals that the Hansen et al. scenario A yields a far
greater surface temperature increase for the period
1960-2060: 4.0 K versus 2.3 K from the MLEBM;
however, this is primarily due to the slower growth in
the trace gas abundance used in the MLEBM.

6. Concluding remarks

During the past decade it has become increasingly
obvious that a proper simulation of the potential cli-
matic change caused by anthropogenic activity requires

TABLE 11. MLEBM simulations of the global surface temperature
increase, At (K), from 1960 to 2030 due to IPCC “B” scenario for
increases in the trace gases.

Increase in
Band abundance Al
CO; (9.4 and 10.4 um) 316-415 ppmv 0.055
CFC-11 (9.2 and 11.8 um) 0.01-0.49 ppbv 0.053
CFC-12 (8.6/9.1 and 10.8 um) 0.02-0.92 ppbv 0.134
CFC-22 (9.0 and 12.4 um) 0.00-1.22 ppbv 0.092
CH, (7.7 pm) 1.272-2.204 ppmv 0.246
N;O (7.8/8.6 and 17 um) 0.297-0.335 ppmyv 0.059
CO, (15 um) 316-415 ppmv 0.821
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a model to consider the radiative effects of the minor
trace gases. To satisfy this requirement, we have de-
veloped fast and accurate parameterizations for the ab-
sorption due to the CO, 9.4- and 10.4-um bands, as
well as the CFC-11, CFC-12, and CFC-22 bands located
in the 8-12-um region. These parameterizations are
based on line-by-line calculations for the absorption
attributed to the CO, bands and on high-resolution
laboratory measurements of the absorption coefficients
for the CFC bands. In order to account for the ubig-
uttous water vapor absorption that overlaps the ab-
sorption bands of CO, and the CFCs, we have also
developed parameterizations for the absorption features
attributed to H,O for the corresponding spectral bands.

Clear-sky flux calculations that specifically account
for the overlap of the absorption features of the trace
gases with those of H,O have demonstrated that the
parameterized model is capable of reproducing the re-
sults of the high-spectral resolution calculations to
within 10% for the flux change at the tropopause. If
only the individual trace gas absorptions are consid-
ered, the error is much smaller.

The two absorption bands of CO, and the six ab-
sorption bands of the CFCs encompass eight separate
spectral ranges. Incorporation of these bands into the
flux algorithm usually requires a repartitioning of the
IR spectrum. We have avoided this complication by
computing only the flux reductions due to the trace
gases under consideration, while leaving the flux cal-
culations without the minor bands unchanged. Hence,
incorporation of these trace gas bands into the MLEBM
does not disturb the parameterizations of the trans-
mission functions previously incorporated into the
MLEBM.

We have studied the climatic effects of these trace
gases utilizing a zonally averaged multilayer energy
balance model, which includes seasonal cycles and a
simplified deep ocean. With the trace gas abundances
taken to follow the IPCC low emissions “B” scenario,
the transient response of the surface temperature is
simulated for the period 1900-2060. The minor ab-
sorption bands, including the CH, and N,O bands,
collectively account for 40%—-45% of the total surface
temperature increases. Thus, the climate warming due
to absorption in these bands is comparable to that in
the 15-um CO, band. Among the minor trace gases, it
is found that the increased abundance of CH, produces
the largest radiative effect. The CH, effect is approxi-
mately 30% of the effect associated with the absorption
due to the 15-um band of CO,. Our model results aiso
indicate that the climatic effect of the CFCs increases
rapidly with time, exceeding the CH, effect by the mid-
dle of the next century. The climatic effects of the N,O
bands and the two minor CO, bands near 10 um, on
the other hand, are relatively smali. Taken as a whole,
the MLEBM indicates that for the estimated enhance-
ments of these trace gases the average surface temper-
ature over the period from 1900 to 2060 will realize
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an increase in excess of 2.3 K, with over 1.7 K of that
appearing after 1980.
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